The development of living organisms is a source of inspiration for the 3 creation of synthetic life-like materials. Embryo development is divided 4 into three stages that are inextricably linked: patterning, differentiation 5 and growth. During patterning, sustained out-of-equilibrium molecular 6 programs interpret underlying molecular cues to create well-defined con-7 centration profiles. Implementing this patterning stage in an autonomous 8 synthetic material is a challenge that at least requires a programmable and 9 long-lasting out-of-equilibrium chemistry compatible with a host material. 10 Here we show that DNA/enzyme reactions can create reaction-diffusion 11 patterns that are extraordinary long-lasting both in solution and inside 12 an autonomous hydrogel. The life-time and stability of these patterns - 13 here traveling fronts and two-band patterns -are significantly increased by 14 blocking parasitic side reactions and by dramatically reducing the diffusion 15 coefficient of specific DNA sequences. Immersed in oil, hydrogels pattern 16 autonomously with limited evaporation, but can also exchange chemical in-17 formation from other gels when brought in contact. Our primitive metabolic 18 1 material thus recapitulates two important properties of living matter: a cer-19 tain degree of autonomy that makes each piece of material an 'individual' 20 with its own metabolism and, at the same time, the capacity to interact 21 with other 'individuals'. 22 Keywords 23 Reaction-Diffusion patterns, out-of-equilibrium system, DNA nanotechnology, metabolic ma-24 terials, hydrogel 25 Living organisms have been a continuous source of inspiration for the development of new 27 materials with diverse properties. 1 From wood fibers to butterfly wings, the structure of living 28 materials has been successfully imitated in fields as diverse as construction 2 or optics. 3 In 29 addition to its precious structural qualities, living matter is also interesting due to its highly 30 dynamic nature. The complex and sustained network of biochemical reactions -i.e. the 31 metabolism -that links the thousands of elements that make up a biological cell brings 32 out surprising properties. Recently, the idea of transposing the out-of-equilibrium state 33 of living matter into synthetic materials has emerged. 4-9 This unique property of living 34 organisms would give synthetic metabolic materials the ability to self-construct, interact 35 with the environment or reconfigure. 10
Introduction trigger the reaction-diffusion front. Figure 1 : A bistable DNA-based reaction network generates an immobile band pattern or a traveling front. a) The bistable reaction network consists of an autocatalytic reaction of A supported by template T, a repression of A by R and a degradation of A. b) Details of the reactions shown in panel a. c) Scheme of a two-band pattern-formation experiment: a gradient of R is initially created inside a capillary. The production of A will then initiate where the concentration of R is low, thus generating a front of A. The front will propagate towards the higher value of R until it reaches the bifurcation point of the bistable system and stops, forming two chemically distinct zones (high concentration of A, left, low concentration of A, right). Experimentally, a one-dimensional system was used with the reactor length L much greater than the reactor width W and height H. d) Scheme of a traveling front experiment: when the autocatalytic production of A dominates over the repression of A by R, an initial excess of A on one side of the capillary gives rise to a traveling front that never stops.
Figure 2: Centimeter-sized gradients were reproducibly generated both in an aqueous solution and in a hydrogel. a) Scheme of the gradient-generation protocol. A low concentration solution (light blue) inside a glass capillary is brought in contact with a droplet of high concentrated solution (dark blue). Subsequently, a connector is used to perform back and forth pipetting and create a gradient along the channel length through Taylor dispersion. b) Fluorescence profiles of 22-mer DNA gradients obtained inside capillaries (top panel) or gels (bottom panel). Blue lines represent the mean of 3 profiles, standard deviation appears in gray. c) A piece of agarose gel with an embedded gradient. d) Two gradients (inside a 0.2 × 2 × 50 mm glass capillary and in a 1 × 1 × 50 mm gel) immersed into a pool of mineral oil to keep the temperature constant and avoid evaporation during long experiments.
Long-lived traveling fronts and band patterns were obtained by Figure S6 ). In that case, fully functional replication templates can 148 be designed using A, C, and G nucleobases only, that will produce DNA strands containing, 149 respectively, T, G, and C nucleobases only ( Figure S6 ). In the absence of dATP in the 150 buffer, any emerging parasitic strand will not contain the A nucleobase. It will, therefore, 151 not carry the nicking enzyme recognition site and will not be replicated exponentially, unlike 152 the designed strand A. 153 We successfully applied this method on the network presented above for reaction-diffusion In the above, the designed active solutions were able to perform non-equilibrium spatio-223 temporal computations that generated non-trivial concentration patterns in a sealed reactor.
224
Despite their interest, these computations did not occur inside a tangible piece of matter 225 and they were not able to exchange chemical information with the outside world, two crucial 226 properties of non-equilibrium computations in living systems. In the following, we seek to 227 obtain metabolic materials that are simple yet combine a certain degree of autonomy with 228 the capacity of interacting with other materials, as living systems do. In particular, we 229 show that hydrogels embedded with DNA/enzyme active solutions are at the same time Second, we tested whether isolated pieces of active hydrogel could interact with each 250 other and transfer chemical information. To do so, we fabricated three pieces of gel. One 251 piece was a 25 mm-long rectangular block embedded with an active solution programmed 252 to sustain a traveling wavefront but not to trigger it in the absence of an external stimulus 253 (homogeneous concentrations of T, R and enzymes, but no A). The other two pieces were 254 2 mm-long agarose blocks containing the same solution supplemented with 100 nM A, and 255 thus capable of triggering a traveling front of A. The three pieces were submerged in oil 256 and separated from one another. At t = 0 min we brought into contact one small piece 257 with the long block, and observed that a traveling front was triggered inside the long block 258 ( Figure 6 ). Later, at t = 130 min, the second small piece of gel was put in contact with the 259 long block at a different position, triggering a new front. As expected, all fronts propagate
